This paper describes a system dynamics model for social care, developed in collaboration with a local authority in England, as part of the UK Engineering and Physical Sciences Research Council Care Life Cycle project based at the University of Southampton. The model was populated with data from a wide range of sources, local and national. We present some illustrative results, and discuss the process of model development and the challenges around data collection. We also discuss the benefits derived from codeveloping such a model with practitioner users and as part of a multi-disciplinary team involving demographers and social statisticians.
INTRODUCTION
The last century witnessed a transformation of the UK population. In 1901 the population of the UK was 39.3 million; by 2011 it had grown to over 62 million. This growth in the absolute size of the population has been accompanied by changes in its composition, the most marked of which has been a rise in its average age. In 1901, people aged 65 and over comprised around 5% of the total population, by 1941 this had doubled to 10% and by 1981 the percentage reached 15% (HC 1999) . Today, 16% of Britain's population is aged 65 and over, and the proportion has been fairly stable for the last 20 years. However, over the next 30 years there will be a significant rise in the share of the older population as the baby boom cohorts (those born immediately following the Second World War and in the late 50s to mid-1960s) begin to enter retirement. In 2021 20% of the population will be aged 65 and this will rise to 23% by 2031 and 25% by 2041 (ONS 2011a .
At the same time, the older population itself is aging. Improvements in mortality rates mean that more of the large baby boom cohorts are surviving longer. Current projections suggest that that more than 95,000 of those people aged 65 in 2012 (born in 1947) are expected to celebrate their 100th birthday in 2047 (ONS 2012) . Although people are living longer, not all of those years are spent in good health. In Britain, between 1981 and 2007 the number of years during which people aged 65 and over might experience limiting illness or disability rose from 5.4 to 7.1 years for men and from 8.4 to 8.9 years for women (Office for National Statistics 2004 Statistics , 2011b .
The rise in the number of older people who may be unable to complete the tasks required for every day living will put increasing pressure on the health and social care system. At the same time, demo-graphic and socio-economic changes such as changing family structures, increasing female employment and lower fertility mean that the ability of the informal (family) sector to meet this increased demand may be limited, whilst the health and social care workforce itself will be aging. The EPSRC Care Life Cycle (CLC) project aims to develop a suite of models that address both supply and demand for health and social care (both formal and informal), explicitly recognizing the fact that these systems interact in complex ways and feedback on each other. The CLC team brings together researchers from across a range of disciplines including operational research, gerontology, social policy and complexity science.
The model detailed in this paper examines the social care sector from the perspective of the local authority provider, highlighting how changes in both demand for services and supply in other parts of the systems (from the family and the health care system) will impact on the required levels of local authority provision. Section 2 provides more detail on social care in the UK. Section 3 then briefly reviews previous applications of simulation in social care, whilst details of the model itself are presented in section 4 along with the sources of data in section 5. Model results are presented in Section 6 and the paper concludes with reflections on the benefits of interdisciplinary working in section 7.
SOCIAL CARE IN ENGLAND
Social care can be defined as assistance received by people who are disabled, sick or vulnerable, in order to enable them to function in their everyday lives. Examples of the types of assistance involved range from help with bathing or feeding for the most severely impaired, to social interaction facilitated through day centers for people with learning disabilities or older people (Hill 2000) . Social care takes place in a variety of settings, including assistance in a person's own home, activities in community centers, and placements in residential care homes. Social care services in England are usually divided into two main types: child services and adult services (Hill 2000) . In this paper we are interested in adult services, and more specifically those provided to people over the age of 65. However, we acknowledge that the "new aging populations", i.e. the growing population of people who are surviving conditions that were traditionally thought of as diseases of childhood such as Cystic Fibrosis, are entering adulthood and mid-life with complex care needs (Iles and Lowton 2008) .
There is a division between social care and health care in England. Health care is provided by the National Health Service (NHS), is funded through general taxation and is free to all patients at the point of need. Social care, on the other hand, is not universally free to all who have a need. Furthermore, responsibility for providing and financing social care is devolved to the local level to county or city councils, called 'local authorities', and there is no national care service comparable to the NHS.
The funding of social care in England is often referred to as a 'mixed economy' (Glasby 2012) . This term refers to the different sources of social care: informal care provided unpaid by family members or friends; and formal care provided by the state, the private sector or the voluntary sector. To make the picture even more complex, many people receive care from more than one source; and care can be provided by private services but paid for through state funding. The vast majority of social care is provided by informal sources. It is estimated that local authority funded care accounts for 25% of the total social care provided to older people; the bulk is provided on an unpaid basis by informal carers, and the rest is purchased privately (Sillett, Cookson and Elliott 2008) .
Free state social care is rationed. Only those people who are assessed as having a high level of need, and who have a low level of financial resources are eligible for free state social care. The criteria by which these assessments are made can vary across local authorities. People who do not meet these criteria, e.g. if they have moderate or low needs, have to rely on informal care, pay for care from private sources, or do without (Sillett, Cookson and Elliott 2008) .
In order to effectively plan and provide future social care services, local authorities need to balance increasing restrictions on financial resources and the changing needs of their local population resulting Brailsford, Evandrou, Luff, Viana, Vlachantoni and Willis from demographic and social forces. This paper presents a system dynamics model to help local authorities in this complex planning task.
MODELING SOCIAL CARE SYSTEMS
In the operations research literature there have been very few applications of simulation in social care, compared with the vast number of applications in health care over the past sixty years (Brailsford et al, 2009 ). Moreover, even within health care the overwhelming majority of these models have used discreteevent simulation (DES), and it is only within recent years that system dynamics (SD) has gained wider acceptance in the mainstream health OR community (Brailsford 2008) . One notable exception is Wolstenholme (1993) , the highly cited SD study of the UK social care system. Wolstenholme's model was designed to illustrate some of the undesirable unintended consequences of the UK government's "Care in the Community" initiative, whose laudable aim was to include people with mental and/or physical disabilities within "mainstream" society by moving them out of long-term institutional care and into sheltered housing in the community. This model was mainly qualitative and was only ever implemented with illustrative data as a management training game.
One of the earliest examples of quantitative simulation modelling in social services is by Campbell et al. (2001) , who used DES to compare the costs of a "Hospital-at-Home" service with conventional residential care. Later, Katsaliaki et al. (2005) developed a DES model to study the impact of a proposed policy to reduce "bed-blocking" in acute hospitals by imposing a financial penalty on a local authority if an older patient was medically fit for discharge but was prevented from leaving hospital by the lack of a residential care place. Following this, Desai et al (2008) developed an SD model to investigate future demand from older people for social care services in Hampshire, UK. The aim of this model was to explore the significant challenges of an aging population, in the context of budget limitations, over the next five years, and to explore the effects of two possible interventions to meet these challenges.
In more recent years, perhaps the best known SD models for social care in the UK have been developed by a consultancy firm, the Whole System Partnership (www.thewholesystem.co.uk). These models have not been published in the academic literature but full details can be found on the WSP website and also as case studies on the MASHnet (2012) website, http://mashnet.info/case-studies/. One of these models was designed to provide a learning opportunity for planners and providers to review and explore different local reablement services (in terms of both capacity and service models). Another model was developed to assist Local Authorities to implement the UK's National Dementia Strategy for their own population. As the name suggests, these models take a "whole systems" view which is one of the key strengths of SD, but are at a fairly high level of aggregation. The model presented in this paper reflects many of these advantages (and disadvantages). Typically, SD models are not designed to yield exact numerical predictions but are intended to allow stakeholders and problem owners to learn about their system and explore policy options by investigating the knock-on effects of different interventions, as perfectly illustrated by Wolstenholme's 1993 model.
THE MODEL
This model was developed partly in collaboration with an anonymous English local authority (referred to in this paper as Blankshire County Council). However the model is designed to be generic and therefore, as Section 5 explains, much of the data used in the model are UK national data. The model was developed in Vensim and represents the population aged 65 and above in a typical English county. The model contains a number of "stocks" which represent the different states that people can be in, corresponding, broadly speaking, to their need for social care or support and the means by which this need is met. The overall structure of the model is depicted schematically in Figure 1 . The blue box (stock) on the left represents the population aged over 65 who have no social care need and are able to live independently. Over time, they may develop a care need and move into the orange stock. This care need can be met in three possible ways: either entirely funded by the local authority, or by "other sources", or by a combination of the two, as depicted by the three green boxes in Figure 1 . "Other sources" includes both informal care provided by family or neighbors, and formal care from a private, commercial provider and paid for directly (out-of-pocket) by the recipient or his/her family. It is of course possible to move from any of these states back into the "No Care Need" state, for example if a person recovers from some physical illness which had resulted in a temporary care need. From both the green and blue boxes, it is possible to move into (and back from) the pink "Hospital" box on the right hand side, which represents emergency or acute interactions with the NHS. Of course, many people in both the blue and green boxes will be receiving NHS treatment for a chronic illness such as heart disease or diabetes, but this does not necessarily mean that they need social care unless they are unable to carry out certain Activities of Daily Living (ADLs) or Instrumental Activities of Daily Living (IADLs) (Katz et al. 1983) . ADLs include basic self-care tasks like being able to toilet, feed or wash oneself, whereas IADLs cover a broader range of activities such as housework, shopping or being able to manage one's finances.
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People "arrive" into this model solely by the process of aging: we have not included migration (in or out) in this particular model. The model also contains a less easily quantifiable variable, "willingness and resources", which attempts to capture people's propensity to provide informal care for their elderly relatives. This does not merely reflect their physical and financial ability to do so, but also their personal inclination, and it influences the fraction of people who move into the lower two green boxes. The model also includes death from any of the six states.
The CLC team has developed a far more complex version of this model for Blankshire County Council, in which the six states in Figure 1 are subdivided into separate age bands and the four care-related states are further subdivided into the four categories widely used by all UK local authorities, namely Low, Moderate, Substantial and Critical. However, the data requirements for this version of the model are daunting, as the number of sub-states is combinatorially large. Therefore in this paper we have aggregated all these subgroups and consider only a population average, using data from a variety of national sources as described below. The actual data used in the model are shown in Appendix A. ; and episodes of hospital and care home admissions/transfers. In addition, the model has used raw data from a range of sources in order to calculate such indicators as the need for social care, the mortality rate for different age groups, and recovery rates (no longer needing formal state care). Below is a brief description of the data sources used. The actual data are listed in the Appendix.
UK National Datasets
The Office for National Statistics ( 
Longitudinal Datasets
The English Longitudinal Study of Ageing (ELSA 2008) is a study of persons aged 50 and over living in private households in England, and covers a range of domains, such as demographic and socioeconomic characteristics, the report of general health and long-standing illness, physical and mental health conditions, the report of difficulty with mobility functions, ADLs and IADLs, as well as the provision of informal support and the receipt of formal state, formal paid or informal support. The British Household Panel Survey (BHPS 2008 ) is a longitudinal survey aimed at understanding social and economic change at the individual and household level in the UK. It was designed as an annual survey of adult members (aged 16 and over) of a nationally representative sample of private households. Finally, the General Household Survey (GHS 2001) is a survey of a representative sample of the British population residing in private households, which has run occasional modules relating to older persons and informal care provision. The core topics of the GHS include key demographic (eg. marital status) and socioeconomic (e.g., housing tenure, employment) characteristics, as well as key indicators relating to health status, health-risk behaviours and the use of health services. In 2001-02 the GHS included a special module which focused on people aged over 65 and their health, as well as their ability to perform ADLs and IADLs.
Mapping Data to Eligibility for Social Care
One of the key aspects of this model is the flow of persons in and out of social care, based on the persons' need and eligibility for full, or part-funded formal state care. Although the categories used to distinguish individuals' need across Local Authorities in England are the same (low, moderate, substantial, critical), nevertheless the information used to place individuals in different categories may differ in different Local Authorities. In addition, state formal care is usually provided to individuals who have been deemed to have substantial or critical need for social care, and means-testing may be part of such considerations. The model draws on the assessment material used by Blankshire County Council, as well as discussions between the researchers and Social Workers involved in the assessment process. Within this particular Council, an initial assessment, which may lead to a more detailed assessment of care needs, encompasses such areas as a person's practical aspects of daily living (e.g., IADLs), personal care (e.g., ADLs), meals
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and nutrition, socialization, safety, need for support, and safeguarding, which is an indicator of a person's vulnerability to abuse. Key criteria relating to an individual's reported need for care on the one hand, and available resources or support networks on the other hand, are used in the identification of individuals who are deemed to have substantial or critical need and are therefore eligible for formal state care. Such criteria were 'mapped' onto variables which were available in a range of datasets, however such matching was not always possible. For example, an individual's report of difficulty with at least one ADL is a central indicator of need for care, whereas an individual's risk of physical or other types of abuse is more difficult to operationalize in the model. Similarly, the availability of family networks and the willingness of family members to provide care will affect the receipt of informal support. At the same time, nationallyrepresentative datasets are limited by their lack of inclusion of older persons residing in care homes, and by their poor coverage of more vulnerable groups, including persons suffering from dementia.
MODEL RESULTS
In this section we present the results of some experiments to explore the impact of the variable "Willingness and Resources", denoted by WR. As briefly mentioned in Section 4, this parameter represents the propensity of families, neighbors and friends to provide informal care, and is difficult to quantify numerically. However, SD allows rapid experimentation with different hypothetical values of such unknown (and possibly unknowable) parameters and enables us to understand not only what their impact could be, but also how they could be influenced. Some qualitative research is under way within the CLC project to investigate the "familial obligation" aspect of the parameter WR, through in-depth interviews. System dynamics is an ideal tool to explore this sort of variable, which is clearly a very important factor in the provision of informal care and may potentially have a major impact on the entire social care system, but is very difficult to estimate accurately. In the model, WR can take values from 0 to 1, where 0 means that the person's family is completely unwilling or unable to provide any informal care at all, and 1 means that they are willing and able to provide all the care that is needed. Initial findings from the above-mentioned CLC study suggest the current baseline value of WR is around 0.4, and this value was used in the model validation experiments. Figures 2 and 3 below presents some results where WR was varied, and show the numbers of people in various states in the model. The model was run for 300 months with a time-step of 1 month. It is interesting, and concerning, to note how the difference between adjacent settings of WR increases closer to zero. Figure 3(a) shows that the level of unmet need in this population remains relatively stable over time, provided WR is equal to 0.4 or more. At WR = 0.4, about 22,500 people are in this state over the whole period. However, should WR fall to 0.2, the level of unmet need rises considerably (over 33,000 after 300 months) and should it fall to zero, over 63,000 people are in this state after 300 months. Figure 3 (b) shows that (all other things remaining equal) the burden on the local authority, Blankshire, also increases non-linearly with a decrease in WR. This will clearly be of concern to Blankshire (in times of considerable financial constraint) since all local authorities have a statutory duty to provide care to people who meet their criteria and who have no other means of support. This non-linear increase is echoed in Figure 3(c) , depicting the slightly larger number of people whose care needs are met jointly by Blankshire and other sources. In Figure 3(d) , we see that as WR gets closer to zero, after 300 months the number of people receiving care from "Other", which includes privately funded care, drops from around 54,500 for WR = 0.4 to just under 14,000 for WR = 0.0. Removing the contribution of family, neighbors and friends clearly shows the huge care burden currently borne by these people. If they were indeed no longer willing or able to provide care, the impact on the local authority care budget would be dramatic. 
DISCUSSION
The experiments presented above explore different values of the hypothetical parameter WR. This is related to a number of factors, some of which are financial or physical, and others are psychological or emotional. For example, an elderly couple where the wife has dementia may be able to cope independently while the husband is fit and well, but if he himself should become disabled or fall ill, then he may be no longer physically capable of providing care for her. An unmarried woman in her 50's may wish to give up paid employment to care for her aging parents, but in doing so she would be impacting not only on her current earnings and standard of living, but also on her future pension and her quality of life in her own old age. Other aspects are less easily measurable in financial terms. In today's society, where people are much more geographically mobile than in the past, children do not always live just round the corner from their parents. Geographical distance is often a major issue for families when elderly parents begin to become infirm and require more frequent support. Moreover, changing family structures due to the increasing divorce rate have resulted in more varied family relationships, and it is far from clear whether people feel the same sense of familial duty and obligation to care for (say) their 85-year-old ex-mother-in-law, who may live several hundred miles away and with whom they have had no contact for 20 years, as they do for their own birth parents.
The data in this model were derived from a variety of sources, ranging from national-level datasets through to local Blankshire data and even the expert opinions of individual social workers, and covering different periods of time. For operations researchers, who are accustomed to combining disparate datasets and using whatever data they can obtain, this was not a problem. However the social scientists were understandably more concerned about these issues, and were less comfortable still about using expert opinion. However, the input of the demographers and social statisticians meant that the modelers were made aware of the consequences (say) of using UK-level data for the Blankshire population, even although in the model presented here the data were not adjusted for known demographic differences between these populations. From a purely predictive standpoint, this is of course a limitation of the model.
Of course, this model (like all models) is a simplification of the real system. It does not subdivide people by age or care need category and just takes an average over the whole population over 65. It does not allow the system to respond to changes, but assumes that everything else remains constant while the parameter WR is varied. Moreover, it assumes that the "arrival rate" remains fixed over time, which is obviously not the case since the population is aging. Nevertheless, the model shows some clear lessons for Blankshire: the model is in fact a best case since increasing numbers of over-65's will only serve to make the problem more severe.
REFLECTIONS
This model has highlighted many of the benefits, and a few of the challenges, of cross-disciplinary working. The demographers and social statisticians in the CLC were well informed about, and had access to, key sources of data which the modelers did not even know existed. Conversely, the concept of system dynamics modeling was new to the demographers and opened up new possibilities for developing models in their own application domains. However, there were some issues: while the modelers were quite happy to use data from different sources or time periods, this gave rise to some methodological angst among the social statisticians. Similarly, the modelers were much more comfortable about using "educated guesses" to calibrate the model than their social science counterparts, and felt more confident that (despite all these caveats about the data) the model had something useful to say to Blankshire which gave insights into their real-world system. While the social statisticians would have preferred not to expose the model to Blankshire until they were confident in the data underpinning it, the modelers were happy to work with Blankshire and develop the model together, no matter how dubious some of the data were. Future work on this model will entail addressing many of these limitations (subdividing the population by age band and care need category; incorporating in-and out-migration; obtaining better estimates for the time spent in the Unmet Need state; including time-dependent arrival rates; breaking down some of the overall averages, such as the hospital admission rate, into state-specific parameters) and on working with Blankshire to obtain data from their own systems, rather than fall back on national data.
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APPENDIX A
The following terms are used in this table, corresponding to the six mutually exclusive states in Figure 1: • NCN = no care need • UN = unmet need, i.e. with a need but receiving no care or support • CF = Solely receiving care funded by Blankshire • CO = Solely receiving care provided by some other formal or informal source • CFO = Receiving care from both the above two • CH = Hospital stay The time step is one month and all rates are per month. The model run length was 300 months. "Workstream A analysis" refers to work undertaken within other parts of the CLC project.
ELSA is the English Longitudinal Study of Ageing (see Section 5.2). 
